Abstract: Natural products continue to provide ever-increasing challenges to synthetic chemists with their complex and sensitive structures. With proper selection, these challenges can be turned into wonderful opportunities to invent and discover new synthetic reactions, to design new strategies and to fashion novel molecular architectures. Developments in these areas often profoundly influence and shape the science of chemical synthesis, biology and medicine. In this article, a number of recent total syntheses of challenging natural substances from the authors's laboratories are highlighted.
Introduction
The art of constructing the molecules of nature continues to attract and fascinate synthetic organic chemists, for it provides an arena where creativity and imagination, stamina and character can make a difference and amply shine. Coupled with the intellectual challenge are often the opportunities to discover and invent new reactions and strategies, to probe biological questions and to make contributions to medicine.' It is these characteristics that make the field of total synthesis as exciting and vigorous as it is today and as it will continue to be for some time to come. Since the landmark syntheses of urea and acetic acid in 1828 and 1845 respectively, synthetic chemists have come a long way in terms of complexity of the targets they can consider, and efficiency by which these targets can be reached.
In our laboratories the challenges posed by natural products are carefully selected and the art is practiced first and foremost for its own sake, but also for the opportunities it presents in discovering and testing new reactions and in molecular design for the purposes of chemical synthesis, biology and medicine. In this article we focus on the total synthesis aspects of some of our recent programs in natural products and outline briefly the evolution of the strategies involved.
We shall discuss the total synthesis of calicheamicin TI1 (l), rapamycin (2), TaxolTM (3), zaragozic acid A (4), brevetoxin B (5), and swinholide A (6) (see Fig. 1 ).
Calicheamicin yl i
The fascination with calicheamicin yll (1)* derives from its novel molecular architecture, its phenomenal cytotoxic activity against tumor cells, and its mechanism of action and these aspects have been amply discussed previ~usly.~ Figure 2 depicts the strategic bond disconnections that led to the final strategy for the total synthesis of calicheamicin y11.4,5 This convergent strategy 
r i c h l o r o a c e t i m i d a t e method;
(b) an intramolecular acetylidealdehyde condensation to construct the 10-membered ring enediyne core; (c) a Mitsunobu-type glycosidation to install the 0-NH bond; (d) an oxime ether formation followed by reduction to form the C-NH bond; and (e) a thioester bond formation to join the AB and CDE ring systems and glycosidation reactions for the attachments of rings A and E. The precise order of these couplings and the intricate details of the story have been extensively reviewed.6-8
Rapamycin
The appeal of rapamycin (2)9 as a synthetic target emanates from its novel molecular structure, its immunosuppressive properties and its intriguing mode of action. These issues and the details of its total synthesis in our laboratories have been extensively discussed in the l i t e r a t~r e . '~-~~ Herein, we outline retrosynthetically (Fig. 3) the main coupling reactions used in the construction. The ester and amide bonds were utilized as convenient linkages to assemble a large part of the molecule. The C9-C10 carbon-carbon bond was formed by a Ni1I/Cr" coupling reaction. The most impressive reaction, however, in this total synthesis was the double Stille reaction of vinyldistannane with the corresponding bis(viny1 iodide) which resulted in the simultaneous construction of the sensitive conjugated triene system and the macrocyclic skeleton. This new strategy for the construction of macrocycles pointed the way for several new applications in total synthesis proving itself as a highly valuable method.
TaxolTM
The molecule of TaxolTM (3)14 needs very little, if any, introduction to the audience of synthetic chemists. Its structure, mechanism of action and clinical use in cancer therapy have fascinated scientists and benefited patients around the world for some time.I5 Finally, TaxolTM yielded to total synthesis in 1 994.l6bI7 Figure 4 depicts, in retrosynthetic terms, the key disconnections that led to the evolution of our successful strategy towards this important molecule. Thus, Diels- Alder reactions led to rapid constructions of rings A and C while Shapiro and McMurry couplings allowed the construction of the 8-membered ring system (ring B). An SN2 type displacement was utilized for the installment of the oxetane ring system, whereas an allylic oxygenation implanted the desired oxygen at C-13 where the side chain was attached via esterification. The convergency of the sequence and its flexibility for analog construction are noteworthy features.18-
21
Zaragozic Acid A The zaragozic acids (squalestatins) are a new and fascinating class of natural products with marked cholesterol lowering properties. Their chemistry and biology has recently been ~e v i e w e d .~~,~~ Due to its unique structure and important biological actions, zaragozic acid A (4)24825 became, soon after its structural elucidation, an attractive synthetic target. Our total synthesis made use of the strategic bond disconnections shown in Fig. 5 .26-2Q An intriguing acid-induced rearrangement led to the highly oxygenated core of the structure, whereas a dithiane anion-aldehyde condensation and an esterification completed the skeleton of zaragozic acid A.
Brevetoxin B
Brevetoxin B (5), one of the most prominent neurotoxins of the notorious "red tides" has provided much challenge, stimulus and excitement ever since its initial It finally succumbed to total synthesis on October 20, 1 995.31,32 The 12-year "odyssey" leading up to this synthesis has recently been published33 and we will only touch upon the highlights here.34 Figure  6 illustrates the main strategic bond disconnections that point the way to the final strategy for this construction. Thus, a Wittig reaction and a hydroxy dithioketal cyclization were used to couple the ABCDEFG and IJK ring systems and construct the basic brevetoxin skeleton by forming the oxocene ring (H). A newly developed NilI/Cr" coupling method for joining vinyl triflates derived from lactones and aldehydes was applied to construct the indicated carbon-carbon bond of ring C, whereas a conjugate addition of a hydroxy group to an a$-unsaturated ester led to the closure of this ring
The oxepane rings were sequentially formed as lactones and subsequently converted to the desired ether (C) -35-37
functionalities, whereas ring A was installed via an intramolecular Horner-Wadsworth-Emmons reaction. The 6-membered ring systems were constructed starting with carbohydrates and using regioselective and stereospecific hydroxyepoxide openings. The final target was reached from 2-deoxy-D-ribose in 83 steps (longest linear sequence with an average yield of 91% per step).
Swinholide A Our total synthesis of swinholide A (6), a novel and highly potent cytotoxic agent isolated from marine sources,38 featured a number of new reactions and ~t r a t e g i e s .~~~~~
The main strategic bond disconnections are indicated in Fig. 7 
Conclusion
In this article a brief synopsis of several projects in the author's laboratories involving total synthesis has been given. Whereas further details can be found in the literature cited, these highlights may well serve to underscore challenges involved in total synthesis and to point out the various ways that such challenges are currently faced by contemporary synthetic technology. Left out from this article are the equally important methodological advancements and inventions encountered during these synthetic "odysseys" and the biological studies that accompanied them. For those aspects, the reader is referred to the cited literature. For an attractive account of some of these and other total syntheses, the reader is referred to "Classics in Total Synthesis".41 
